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Abstract
Dilepton production in proton- and nucleus-induced reactions is studied in
relativistic transport model using initial conditions determined by the string
dynamics from RQMD. It is found that both the CERES and HELIOS-3
data for dilepton spectra in proton-nucleus reactions can be well described
by the ‘conventional’ mechanism of Dalitz decay and direct vector meson de-
cay. However, to provide a quantitative explanation of the observed dilepton
spectra in central S+Au and S+W collisions requires contributions other than
these direct decays. Introducing a decrease of vector meson masses in hot and
dense medium, we find that these heavy-ion data can also be satisfactorily
explained. This agrees with our earlier conclusions based on a fire cylinder
model. We also give predictions for Pb+Au collisions at 160 GeV/nucleon
using current CERES mass resolution and acceptance.
Typeset using REVTEX
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I. INTRODUCTION
In future experiments at the relativistic heavy-ion collider (RHIC) [1], dilepton produc-
tion will play an important role in the search for signals of the quark-gluon plasma. Since
dileptons interact only electromagnetically with the hadronic environment, they are thus
penetrating probes of the early, most violent stage of heavy-ion collisions, where one expects
that the quark-gluon plasma is likely to be created [2–12]. However, dileptons are produced
in all stages of ultra-relativistic heavy-ion collisions. In the initial stage, Drell-Yan processes
are important and contribute essentially to dileptons with large invariant mass [13]. They
are also produced from hadronic interactions as well as hadronic decays. These dileptons
have most likely low to intermediate invariant masses. Thus, in order to deduce useful infor-
mation about the quark-gluon plasma from dilepton spectra, it is important to have a good
and accurate understanding of dilepton production from both initial Drell-Yan processes
and later stage hadronic interactions.
Furthermore, the study of dilepton production from hadronic interactions carries useful
information about hadron properties in hot and dense hadronic matter, which are expected to
be different from those in free space due to the partial restoration of chiral symmetry. There
have already been suggestions to use dileptons to study the medium modification of pion
dispersion relation at both finite density and temperature [14,15], the hadron electromagnetic
form factor in dense matter [16], and in-medium properties of vector mesons [17–22].
A particular useful aspect of dileptons is that their spectrum produced from the hadronic
matter may reflect directly the in-medium vector meson masses, which have been shown in
certain models to decrease with increasing density and/or temperature [23–30]. Dileptons
have already been measured at Bevalac by the DLS collaboration [31] in heavy-ion colli-
sions at incident energies around 1 GeV/nucleon. Theoretical studies have shown that the
observed dileptons with invariant mass above about 450 MeV are mainly from pion-pion
annihilation [16,32]. Since the pion electromagnetic form factor is dominated by the rho
meson, measuring dileptons from heavy-ion collisions thus provides the possibility of study-
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ing the properties of rho meson in hot and dense matter. Unfortunately, statistics are not
good enough in the Bevalac experiments to give definite information on the in-medium rho
meson properties. However, similar experiments with vastly improved statistics have been
planned at SIS by the HADES collaboration [33].
On the other hand, recent observation of the enhancement of low-mass dileptons in cen-
tral S+Au and S+W collisions at SPS/CERN energies by the CERES [34] and the HELIOS-3
[35] collaboration, respectively, has generated a great deal of interest in heavy-ion commu-
nity. Different dynamical models, such as hydrodynamical and transport models, have been
used to investigate this phenomenon [36–39]. Although several different mechanisms [36–43]
have been put forward to explain the observed enhancement, the most consistent explana-
tion seems to be the decrease of vector meson masses in hot and dense matter [36–38]. This
has been worked out by us using the relativistic transport model based on the extended
Walecka model [36], and was supported by the calculation of Cassing et al [37,38] using a
dropping in-medium rho meson mass predicted from the QCD sum rules. As in hydrody-
namical approaches [39], the starting point of Refs. [36] is the assumption that in the earlier
stage of heavy-ion collisions a thermally equilibrated fire cylinder is formed. Although this
is a reasonable approximation as it gives a satisfactory explanation for the observed particle
yields and spectra from these collisions [44], a fully microscopic transport model including
initial stage string dynamics is still desirable. Moreover, any ‘anomalous’ phenomena in
heavy-ion collisions have to be discussed with respect to proton-induced reactions. Both
the CERES and the HELIOS-3 collaboration have also measured dilepton production in
proton-nucleus reactions, it is thus of interest to see if the data in proton-nucleus reactions
can be explained in a ‘conventional’ way. This has not been possible in Ref. [36], as the fire
cylinder model is not applicable to proton-induced reactions.
In Refs. [37,38], the Hadron-String Dynamics [45] has been used to study dilepton pro-
duction from both proton-nucleus and nucleus-nucleus collisions. The conclusion from these
studies is that although conventional mechanisms are sufficient to account for the dilepton
spectra from proton-induced collisions, medium effects as that proposed in Ref. [36] are
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needed to explain the enhanced low-mass dileptons in nucleus-nucleus collisions. In this
paper, we carry out a similar calculation as in Refs. [36–38], but use initial hadron phase
space distributions generated by string fragmentation in the initial stage of the relativis-
tic quantum molecular dynamics (RQMD) [46,47]. It is worthwhile to mention that the
RQMD model has been quite successful in describing many aspects of heavy-ion collisions
at SPS/CERN energies.
This paper is organized as follows. In Section II, we discuss briefly the string dynamics
for the initial stage of heavy-ion collisions and the hadronic rescattering in later stages.
In Section III, we present the formulae for dilepton production from hadronic interactions
and hadronic decay. The results for dilepton production in proton-nucleus collisions are
presented in Section IV. In section V, we compare our results for S+Au and S+W collisions
to the CERES and the HELIOS-3 data. The predictions for dilepton production in Pb+Au
collisions will be discussed in Section VI. Finally a brief summary and outlook is given in
Section VII.
II. THE RELATIVISTIC TRANSPORT MODEL
The fragmentation of strings which may be viewed as an idealization of longitudinally
stretched chromoelectric flux-tubes is a phenomenological approach to strong interactions
which has been applied to multi-particle production in the soft regime for a long time [48,49].
String excitations are also an essential ingredient for recent microscopic approaches to ul-
trarelativistic nucleus-nucleus collisions, like e.g. RQMD [46,47]. Inelastic hadron-hadron
collisions are described by forming strings from ingoing quarks and their primordial mo-
menta. This concept is generalized to nuclear collisions by allowing for multiple collisons
of a projectile with several target nucleons. As a new feature present only with nuclei as
collision partners, RQMD includes the fusion of several overlapping strings into a ‘rope’, a
flux-tube with larger than elementary color charge as the source. Created strings and ropes
decay subsequently, because quark pairs are created and screen the initial fields. It is often
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assumed that new hadrons are formed only after the two ingoing nuclei have passed through
each other. This picture emerges also from the RQMD model at sufficiently high beam
energies, because the typical times for hadron formation from string and rope fragmentation
are getting larger than the passage time of the two Lorentz contracted nuclei.
From the RQMD model (version 2.1) we obtain the hadrons from the primary nucleon-
nucleon collisions in the initial stage of heavy-ion collisions. These hadrons and their dis-
tributions in position and momentum space are then used as the input to the relativistic
transport model [36]. When in-medium masses are used, both the yield and distribution of
hadrons from string fragmentation may be different from that using the free masses [45].
Since the hadron abundance and distribution in heavy-ion collisions reach the equilibrium
values very quickly as shown in our calculations, the results obtained in the following are
thus not sensitive to the change of this initial distributions. We shall thus ignore such ef-
fects by using the same initial hadron abundance and spatial and momentum distributions
whether the free or in-medium masses are used.
The treatment of subsequent hadronic rescattering in the relativistic transport model is
similar to that in Ref. [36]. In the following, we mention briefly those processes that are
directly relevant for dilepton production. For a pair of pions with a total invariant mass
M , a rho meson of this mass is formed with an isospin-averaged cross section given by the
Breit-Wigner form [22]
σpipi→ρ(M) =
8pi
k2
(mρΓρ)
2
(M2 −m2ρ)2 + (mρΓρ)2
(
M
mρ
)2, (1)
where k is the pion momentum in the center-of-mass frame of the rho meson. Similarly, for
piρ→ a1 the isospin-averaged cross sections [51] is
σpiρ→a1(M) =
4pi
3k2
(ma1Γa1)
2
(M2 −m2a1)2 + (ma1Γa1)2
, (2)
The kaon-antikaon collision mainly proceeds through the formation and decay of a phi meson,
with an isospin-averaged cross section given by
σKK¯→φ(M) =
3pi
k2
(mφΓφ)
2
(M2 −m2φ)2 + (mφΓφ)2
(
M
mφ
)2. (3)
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In treating meson decays we use the momentum-dependent decay width. For ρ → pipi
and φ→ KK¯, they are given, respectively, by [22]
Γρ→pipi(M) =
g2ρpipi
4pi
(M2 − 4m2pi)3/2
12M2
, (4)
and
Γφ→KK¯(M) =
g2φKK¯
4pi
(M2 − 4m2K)3/2
6M2
, (5)
where g2ρpipi/4pi ≈ 2.9 and g2φKK¯/4pi ≈ 1.7 are determined from the measured width at mρ
and mφ, respectively. For the decay width of a1 → piρ, we use the result of Ref. [51], i.e.,
Γa1→piρ =
G2a1piρ|k|
24pim2a1
[2(ppi · pρ)2 +m2ρ(m2pi + |k|2)], (6)
where k is the pion momentum in the rest frame of a1; Ga1piρ ≈ 14.8 GeV−1 is determined
from the a1 decay width in free space using its centroid mass. There is no simple expression
for the decay width of ω → pi+pi−pi0 [52], so we use the approximation that this width is
proportional to the mass of omega meson. This approximation becomes exact in the chiral
limit of mpi → 0.
To study consistently the effects of dropping vector meson masses on the dilepton spec-
trum in heavy-ion collisions, we need a model for in-medium vector meson masses that can
be incorporated into the relativistic transport model. In Ref. [36], this is achieved by ex-
tending the Walecka model [53] from the coupling of nucleons to scalar and vector fields
to the coupling of light quarks to these fields, using the ideas of the meson-quark coupling
model [30] and the constituent quark model. Here, we briefly review this model.
For a system of baryons (we take the nucleon as an example), pseudoscalar mesons (pi
and η mesons), vector mesons (rho and omega mesons), and the axial-vector meson (a1) at
temperature T and baryon density ρB, the scalar field 〈S〉 is determined self-consistently
from
m2S〈S〉 =
4gS
(2pi)3
∫
dk
m∗N
E∗N
[ 1
exp((E∗N − µB)/T ) + 1
+
1
exp((E∗N + µB)/T ) + 1
]
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+
0.45gS
(2pi)3
∫
dk
m∗η
E∗η
1
exp(E∗η/T )− 1
+
6gS
(2pi)3
∫
dk
m∗ρ
E∗ρ
1
exp(E∗ρ/T )− 1
+
2gS
(2pi)3
∫
dk
m∗ω
E∗ω
1
exp(E∗ω/T )− 1
+
6
√
2gS
(2pi)3
∫
dk
m∗a1
E∗a1
1
exp(E∗a1/T )− 1
, (7)
where we have used the constituent quark model relations for the nucleon and vector meson
masses [30], i.e.,
m∗N = mN − gS〈S〉, m∗ρ ≈ mρ − (2/3)gS〈S〉, m∗ω ≈ mω − (2/3)gS〈S〉, (8)
and the quark structure of the η meson in free space which leads to
m∗η ≈ mη − 0.45gS〈S〉, (9)
and the Weinberg sum rule relation between the rho-meson and a1 meson masses [54,55],
i.e,
m∗a1 ≈ ma1 − (2
√
2/3)gS〈S〉. (10)
In the calculation we use the scalar and vector coupling parameters of the original Walecka
model that are fitted to the nuclear matter properties at normal density. In high-energy
heavy-ion collisions, the system is not necessary in themal and chemical equilibrium. The
thermal distributions in Eq. (7) are thus replaced by the hadron momentum distributions
in determining the scalar field.
III. DILEPTON PRODUCTION: FORMALISM
The main contributions to dileptons with mass below 1.2 GeV are the Dalitz decay of pi0,
η and ω, the direct leptonic decay of vector mesons such as ρ0, ω and φ, and the pion-pion
annihilation which proceeds through the ρ0 meson, and the kaon-antikaon annihilation that
proceeds through the φ meson.
The Dalitz decay of pi0, η, and ω contributes significantly to dileptons with mass below
2mpi. The differential width of Dalitz decay is related to its radiative decay width [56]. For
pseudoscalar meson P (either pi0, η0 or η′), we have [56]
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dΓ(P → γl+l−)
dM
=
4α
3pi
Γ(P → 2γ)
M
(
1− 4m
2
l
M2
)1/2
×
(
1 +
2m2l
M2
)(
1− M
2
m2P
)3|FP (M2)|2, (11)
where M is the mass of produced dilepton, α is the fine structure constant, Γ(P → 2γ) is
the measured radiative decay width of a pseudoscalar meson [57], and ml is the mass of the
lepton. In the case of dielectron production, ml = me ≈ 0.51 MeV can be neglected. The
electromagnetic form factors of pi0, η and η′ are parameterized, respectively, as [56]
Fpi0(M
2) = 1 + bpi0M
2, (12)
Fη(M
2) =
(
1− M
2
Λ2η
)
−1
, (13)
Fη′(M
2) =
m4ρ
(M2 −m2ρ)2 + (mρΓρ)2
, (14)
where bpi0 = 5.5 GeV
−2, Λη ≈ 0.72 GeV, and mρ and Γρ are the mass and width of rho
meson, respectively. These form factors describe reasonably well the empirical data [56].
For ω → pi0l+l−, the differential decay width is given by
dΓ(ω → pi0l+l−)
dM
=
2α
3pi
Γ(ω → pi0γ)
M
(
1− 4m
2
l
M2
)1/2(
1 +
2m2l
M2
)
×
[
(1 +
M2
m2ω −m2pi0
)2 − ( 2mωM
m2ω −m2pi
)2
]
|Fω(M2)|2, (15)
where Γ(ω → pi0γ) = 0.717 MeV is the omega meson radiative decay width [57]. In Ref.
[56], the electromagnetic form factor was parameterized as
Fω(M
2) =
(
1− M
2
Λ2ω
)
−1
, (16)
with Λω = 0.65 GeV, somewhat smaller than mρ, indicating the deviation from the vector
dominance model.
The treatment of a1 Dalitz decay is slightly different. Since in our dynamical model the
processes a1 ↔ piρ and ρ → l+l− are treated explicitly, we have already included that part
of a1 contribution to dileptons which proceeds through a physical ρ meson as a two-step
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process. Thus, in evaluating the a1 Dalitz decay (a1 → pil+l−) we do not need to introduce
the vector-dominance model form factor. Otherwise, there would be double counting.
The direct leptonic decay of vector mesons is another important source of dileptons. For
dileptons of mass in the region of interest to this work, we consider mainly the leptonic
decay of ρ0, ω and φ mesons. The decay width for ρ0 → l+l− is given by
Γρ0→l+l−(M) =
g2ργe
2
M4
M
3
(
1− 4m
2
l
M2
)1/2(
1 +
2m2l
M2
)
=
α2
(g2ρpipi/4pi)
m4ρ
3M3
(
1− 4m
2
l
M2
)1/2(
1 +
2m2l
M2
)
, (17)
where M4 in the denominator arises from the virtual photon propagator and M in the
numerator comes from the phase space integration. In obtaining the second expression,
we have used the vector dominance relation gργ = em
2
ρ/gρpipi [58]. Using g
2
ρpipi/4pi ≈ 2.9 in
Eq.(17), we get Γρ0→e+e− ≈ 5 keV, and this is somewhat different from the measured width
of 6.5 keV, indicating the breaking of universal vector coupling. In the calculation, we use
instead
ΓV→e+e−(M) = Ce+e−
m4V
M3
, (18)
ΓV→µ+µ−(M) = Cµ+µ−
m4V
M3
(
1− 4m
2
µ
M2
)1/2(
1 +
2m2µ
M2
)
, (19)
where V stands for ρ0, ω, or φ. The coefficient Ce+e− in the dielectron channel is 8.814×10−6,
0.767 × 10−6, and 1.344 × 10−6 for ρ0, ω, and φ decay, respectively, which are determined
from the measured width [57]. Similarly, from the measured width of decaying into dimuons,
we determine the coefficient Cµ+µ− to be 9.091× 10−6 and 1.071× 10−6 for ρ0 and φ decay,
respectively. For Γω→µ+µ− , only an upper bound is given in the particle data book [57]; we
assume that this width is the same as that for the dielectron channel. Our fit to HELIOS-3
data for p+W collisions shows that this is a good approximation (see Fig. 3 below).
The formation of an omega meson from the three-pion interaction is neglected. In this
calculation, all omega mesons are thus from the initial stage of heavy-ion collisions through
string fragmentation. For rho and phi mesons we include also secondary processes such as
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pion-pion annihilation and kaon-antikaon annihilation, in addition to primary production
from string fragmentation. The contribution of pion-pion and kaon-antikaon annihilation
to dilepton production, which have been known to be important for heavy-ion collisions, is
therefore treated as a two-step process with the explicit intermediate vector meson formation,
propagation, and decay. It can be easily shown that the product of the rho meson formation
cross section, Eq. (1), and the branching ratio, Γρ0→l+l−/Γρ, for the rho meson to decay into
dilepton leads to a dilepton production cross section that is the same as that from pion-pion
annihilation in the usual form factor approach [14,22], i.e.,
σpi+pi−→ρ0→l+l− =
8piα2k
3M3
m4ρ
(M2 −m2ρ)2 + (mρΓρ)2
(
1− 4m
2
l
M2
)1/2(
1 +
2m2l
M2
)
. (20)
The same relation holds for dileptons from kaon-antikaon annihilation. The interaction of
a pion and a rho meson dominantly produces an a1, and their contribution to dilepton
production is thus included in our model through a1 Dalitz decay.
It should be mentioned that when medium effects on vector meson masses are included,
mρ,mω, andmφ in the above expressions are replaced bym
∗
ρ,m
∗
ω, andm
∗
φ, respectively. Also,
the in-medium decay widths are used in these expressions, and they are calculated from Eqs.
(4-6) with in-medium masses. As in Ref. [36], we have neglected the collisional broadening
of vector meson widths in medium [59], based on the argument that their magnitudes are
comparable to the mass resolution in CERES experiments, so they do not affect appreciably
the final results.
In our model, dileptons are emitted continuously during the time evolution of the colliding
system. The way the dilepton yield is calculated can be illustrated by rho meson decay.
Denoting, at time t, the differential multiplicity of neutral rho mesons by dNρ0(t)/dM , then
the differential dilepton production probability is given by
dNl+l−
dM
=
∫ tf
0
dNρ0(t)
dM
Γρ0→l+l−(M)dt+
dNρ0(tf )
dM
Γρ0→l+l−(M)
Γρ(M)
, (21)
where tf is the freeze-out time, which is found to be about 20 fm/c. The first term corre-
sponds to dilepton emission before freeze out while the second term is from decay of rho
mesons still present after freeze out.
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IV. DILEPTON PRODUCTION: PROTON-NUCLEUS REACTIONS
As already mentioned in the introduction, any ‘anomalous’ phenomena in heavy-ion
collisions need to be compared with proton-induced reactions. In order to claim that the
CERES and HELIOS-3 dilepton data as indications of medium effects in heavy-ion collisions,
it is necessary that we can describe the dilepton data in proton-nucleus collisions with the
‘conventional’ mechanism. In these reactions, dileptons are expected to be produced outside
the nucleus due to finite formation time, so no ‘exotic’ phenomena are expected to happen
when compared to dilepton production from the proton-proton interaction.
The results for dilepton spectra from p+Be collisions at 450 GeV are shown in Fig. 1,
together with the data from the CERES collaboration [34]. It is seen that the data can
be well reproduced by the Dalitz decay of pi0, η and ω mesons, and the direct leptonic
decay of ρ0, ω and φ mesons. These results are thus similar to that found in Refs. [37]
using the Hadron-String Dynamics, and are also similar to the ‘cocktail’ constructed by the
CERES collaboration from known and expected sources of dileptons [34]. We see that very
low mass dileptons are mainly from the Dalitz decay of pi0 and are strongly suppressed by
experimental acceptance cuts in the opening angle and transverse momentum. Dileptons in
the mass region from 0.15 to 0.45 GeV are mainly from η meson Dalitz decay. Around mρ,ω,
the contribution from ω decay is more important than that from ρ0 decay, as the latter has
a very broad mass distribution. Dileptons with mass around 1 GeV are mainly due to φ
meson decay.
A similar comparison with the CERES data for p+Au collisions at 450 GeV is given in
Fig. 2. Again, the data are very well reproduced by conventional sources of Dalitz decay and
direct vector meson decay. Comparing Fig. 1 with Fig. 2 we see that both the experimental
data and our theoretical results are essentially the same in the two collisions, so there is
no discernible difference in the dilepton spectra in going from an extremely light Be target
(which is similar to proton-proton interactions) to a much heavier Au target.
The comparison with the HELIOS-3 dimuon data from p+W collisions at 200 GeV is
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presented in Fig. 3. Up to dimuon mass of about 1.3 GeV, the data are again very well
explained by the Dalitz decay of η and ω and the direct vector meson decay of ρ0, ω and φ.
The low mass dimuons are mainly from the η Dalitz decay, while the ω meson Dalitz decay is
important in the mass range of 0.4 to 0.6 GeV. As in the CERES case, the contribution from
the ω decay is more important than that from the ρ0 around mρ,ω. Both the CERES and
the HELIOS-3 data for dilepton production in proton-nucleus reactions are thus consistent
with each other, in spite of quite different experimental setups and acceptance cuts.
V. DILEPTON PRODUCTION: NUCLEUS-NUCLEUS COLLISIONS
Comparing the experimental data from nucleus-nucleus collisions to those from proton-
nucleus collisions, both the CERES and the HELIOS-3 collaboration have found substantial
enhancement of low-mass dileptons in the mass region from about 2mpi to about 0.6 GeV,
which cannot be explained by uncertainties and errors of the normalization procedure [60].
In going from proton-induced reactions to heavy-ion collisions, the main difference is addi-
tional contributions from pion-pion and kaon-antikaon annihilation to dilepton production
in heavy-ion collisions. If the observed enhancement of low-mass dileptons can be explained
by pion-pion annihilation, it is fine but cannot be considered as an ‘anomaly’, as the impor-
tance of pion-pion annihilation has already be seen in the DLS data [31]. However, as shown
in Refs. [36–38] and will be shown in this Section, including the contribution from pion-pion
annihilation but without any medium effects, the theoretical results in the low-mass region
are still significant below both the CERES and HELIOS-3 data.
A. CERES: S+Au collisions
We first show in Fig. 4 the initial pion and proton rapidity distributions and transverse
momentum spectra obtained in the RQMD for central S+Au collisions at 200 GeV/nucleon
and impact parameter b ≤ 3 fm, corresponding to a final charged particle multiplicity of
dNch/dη ≈ 125 in the rapidity range 2.1 < η < 2.65 as in the CERES experiments. Also
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shown is the time evolution of central baryon density. For comparison, the initial conditions
and time evolution of the central density used in the fire cylinder model of Ref. [36] are also
shown. It is seen that the two initial conditions agree reasonably with each other. Initially,
the slope parameter of the pion transverse mass distribution is about 165 MeV, the average
baryon density in the central region is about 2.3 ρ0, and the average energy density is about
2.5 GeV/fm3. In Fig. 5, we show the time evolution of the abundance of both participant
baryons and produced mesons. We note that initially the pion number is about twice the
rho meson number, and the omega meson number is about 1/3 of the rho meson number. In
the free meson mass case, rho mesons are seen to continuously decay, leading to an increase
of the pion number. The number of higher baryon resonances, whose in-medium masses are
always used in the relativistic transport model, increases initially as their number is below
the equilibrium one. After reaching the equilibrium value, it starts to decrease as the system
expands. When in-medium meson masses are introduced in the model, the time evolution of
the baryon abundance remains similar as their in-medium masses are essentially the same.
However, the time evolution of the rho meson number changes to the one like the higher
baryon resonances, indicating that initially their number is below the equilibrium value due
to a smaller mass in medium.
After following the time evolution of the colliding system using the relativistic transport
model, hadronic observables can be calculated. In Fig. 6, we show the final rapidity dis-
tributions of negatively-charged hadrons (mainly pi− and K−) and protons together with
the experimental data from the NA35 collaboration [61] and the NA44 collaboration [62].
Compared with that in Ref. [36], we see a significant improvement of agreements between
the theoretical results with the data in the backward rapidity region. The comparison of
transverse mass spectra of protons and pion in mid- to forward-rapidity region with exper-
imental data for a similar system S+Pb from the NA44 collaboration [62] is shown in Fig.
7. Overall, the theoretical results agree well with the data.
Also of interest is the η/pi0 ratio in these collisions. The WA80 collaboration has recently
published their measurement of this quantity for minimum-biased events [63]. Some very
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preliminary data with large error bars were reported in Ref. [64] for central collisions. The
comparison of our theoretical results with the WA80 data is shown in Fig. 8. Our η/pi0
ratio is larger than the minimum-biased data (solid circles), but somewhat smaller than the
central collision data (solid squares), especially in the low transverse momentum region. We
believe that our results correspond reasonably to the ratio in CERES experiments, as less
central events are selected in CERES experiments than in WA80 experiments, which has an
average charged-particle multiplicity density of more than 160 in the same rapidity region
[64,65].
With free meson masses, the calculated dilepton spectra, normalized by the average
charged-particle multiplicity, are shown in Fig. 9 together with the CERES data. As in
the case of proton-nucleus reactions, dileptons with mass below 0.1 GeV are mainly from
pi0 Dalitz decay. The η Dalitz decay is important in the mass range from 0.15 to 0.35 GeV.
From 0.35 to 0.7 GeV, dileptons are mainly from pion-pion annihilation through ρ0 meson.
Contrary to the observation in proton-nucleus reactions where the ω decay is more important
around mρ,ω, in S+Au collisions the contribution from ρ
0 decay becomes more important
when free meson masses are used. This is mainly due to an enhanced rho contribution
from pion-pion annihilation in heavy-ion collisions. A bump around 0.7 GeV in the dilepton
spectrum from η′ meson decay is a result of the vector meson dominance form factor in
Eq. (14). There should have appeared a similar bump in the contribution from a1 Dalitz
decay if we had included the vector meson dominance form factor rather than treated it as
a two-step process in the rho meson mass region.
The importance of pion-pion annihilation in the low-mass region, as emphasized by the
CERES collaboration [34], can be more clearly seen in Fig. 10, where the CERES data
are compared with theoretical results calculated with and without the contribution from
pion-pion annihilation. Without pion-pion annihilation, the theoretical results for dileptons
with invariant mass from 0.3 to 0.65 GeV are significantly reduced, and the disagreement
with the experimental data becomes comparable to that found by the CERES collaboration
based on known and expected sources [34].
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The inclusion of pion-pion annihilation, though found to be quite important in the mass
region of interest, still does not give enough number of dileptons in the mass region from
0.25 to 0.6 GeV. Furthermore, for dileptons with mass around mρ,ω there are more dileptons
predicted by the theoretical calculations than shown in the experimental data. This is very
similar to our earlier results based on a thermally equilibrated fire cylinder model [36]. These
results are also similar to those of Cassing et al [37] based on the Hadron-String Dynamics
model and Srivastava et al [39] based on the hydrodynamical model, as shown in Fig. 11.
We note that a strong peak around mφ in the results of Srivastava et al will become a bump
once the mass resolution of the CERES collaboration is properly included.
The failure of these models with free meson masses in explaining the CERES data has led
to the suggestion that medium modifications of vector meson masses are needed as shown
in Refs. [22,37,38]. The comparison of our results obtained with in-medium meson masses
with the CERES data is shown in Fig. 12. We have about a factor of 2-3 enhancement
of the dilepton yield in the mass range from 0.2 to 0.6 GeV, as compared with the results
obtained with free meson masses. Overall, the agreement with the CERES data becomes
much better with the use of in-medium vector meson masses. These results are again very
similar to those in Ref. [36] obtained in the fire-cylinder model.
B. HELIOS-3: S+W collisions
The same model has been used to calculate the dimuon spectra from central S+W
collisions by the HELIOS-3 collaboration. The results obtained with free meson masses are
shown in Fig. 13. As in proton-induced reactions, dimuons with mass below 0.3 GeV are
from η meson Dalitz decay. From 0.35 to 0.55 GeV, the ω meson Dalitz decay is important.
In heavy-ion collisions, the contribution from ρ0 decay becomes important due to pion-
pion annihilation. However, the role of pion-pion annihilation in HELIOS-3 experiments is
less significant than that in CERES experiments, as HELIOS-3 measures dileptons in the
forward rapidity region which has a smaller charged-particle multiplicity than that in the
15
mid-rapidity region measured by CERES.
With free meson masses, the theoretical results are below the HELIOS-3 data in the mass
region from 0.35 to 0.6 GeV, and slightly above the data around mρ,ω. Qualitatively, this
is similar to the situation in the CERES case, but quantitatively, the discrepancy between
the theory and the data is somewhat smaller in the HELIOS-3 case. For example, for the
CERES data the theoretical results underpredicts most significantly around 0.4 GeV and
are below the data by about a factor of 4, while for the HELIOS-3 data this happens around
0.5 GeV, and the theoretical prediction is below the data by less than a factor of two. In
other words, the enhancement of low-mass dileptons is less pronounced in the HELIOS-3
than in the CERES experiments. This is again due to the fact that the HELIOS-3 measures
dileptons in the forward rapidity region with a smaller charged-particle multiplicity than in
the CERES experiments.
Our results obtained with in-medium meson masses are shown in Fig. 14. Again, we see
enhanced dilepton yield in the low mass region, and a reduction around mρ,ω, as compared
to the results obtained with free meson masses. This brings the theoretical results in better
agreement with the data. The importance of in-medium meson masses in explaining the
HELIOS-3 data has also been found by Cassing et al [38].
For dimuon spectra in p+W collision up to 1.3 GeV, the HELIOS-3 data can be well
described by the Dalitz decays and direct vector meson decay. For S+W collisions, the
HELIOS-3 data above 1.2 GeV are grossly underestimated by theoretical calculations with
both free and in-medium vector meson masses. The enhancement of dilepton production
in heavy-ion collisions in this intermediate mass region indicates that thermal processes
such as pia1 → l+l− [66] and the decay of heavier vector mesons such as ω(1390) [67,68]
might become important. Also, contributions from the quark-gluon plasma and the initial
Drell-Yan processes may not be negligible.
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VI. DILEPTON PRODUCTION: PREDICTIONS FOR PB+AU COLLISIONS
Dilepton production in Pb+Au collisions at 160 GeV/nucleon is currently being measured
by the CERES collaboration. Based on the model outlined above, which has been successful
in explaining both the CERES and HELIOS-3 data with reduced vector meson masses in
hot and dense matter, we present our predictions for dilepton spectra from this collision
using current CERES mass resolution and acceptance cuts for S+Au collisions.
We first consider central Pb+Au collisions. In Fig. 15, we show the initial pion and
proton rapidity and transverse mass distributions as well as the time evolution of baryon
density in this collision. Initially, the pion transverse slope parameter is about 190 MeV, the
average baryon density is about 4 ρ0, and the average energy density is about 3.3 GeV/fm
3.
These initial parameters are somewhat higher than in S+Au collisions at 200 GeV/nucleon.
As in Ref. [36], the system expands slightly slower in the case of dropping meson masses.
The time evolution of the abundance of participant baryons and produced mesons is shown
in Fig. 16 for both free and in-medium meson masses. As in S+Au collisions, the initial pion
number is about twice of that of rho mesons, and the omega number is about 1/3 of the rho
meson number. For the case of free meson masses, the time dependence of the particles is
similar to what we see in the S+Au collision. Introducing in-medium meson masses gives a
similar time dependence of the meson abundance as in the S+Au collision with in-medium
masses. However, a peculiar behavior of the baryon abundance occurs at about 3 fm/c after
the expansion, when baryon resonances are reformed after initial decays, and this is not seen
in S+Au collisions. We believe that this is due to the larger pi/N∗ ratio in Pb+Au collisions
(≈ 15 at t=3 fm/c) than in S+Au collisions (≈ 4 at the same time), which thus favors the
formation of baryon resonances in the Pb collision.
For central Pb+Au and Pb+Pb collisions some preliminary data for the charged-particle
rapidity distribution and transverse mass spectra have become available from the NA49 and
the NA44 collaboration. We compare in Fig. 17 the calculated negatively-charged particle
(mainly pi− and K−) rapidity distribution with preliminary data from the NA49 collabora-
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tion [61]. The agreement with the data is fairly good. Also shown is Fig. 17 is the final
proton rapidity distribution, which shows more appreciable stopping than in S+Au colli-
sions. The nucleon to pion ratio in the mid-rapidity is still about 0.15 as in S+Au collisions.
The final proton rapidity distribution is somewhat different from the initial one from string
fragmentation (see upper left panel of Fig. 15). Because of longitudinal expansion, a hole is
seen to develop in the mid-rapidity. We note that in our initial proton rapidity distribution
hyperons have not been included, while our final proton rapidity distribution (lower panel of
Fig. 17) includes also the protons from hyperon decay. The calculated final proton and pion
transverse momentum spectra agree with the preliminary data from the NA44 collaboration
[62] as shown in Fig. 18.
The theoretical predictions for the dielectron spectra in central Pb+Au collisions with
CERES mass resolution and acceptance cuts are given in Fig. 19(a) for the two scenarios of
free meson masses and in-medium meson masses. The normalization factor dNch/dη here is
the average charge particle pseudo-rapidity density in the pseudo-rapidity range 2 to 3, and
is about 440 in this collision. With free meson masses, we see a strong peak around mρ,ω,
which is dominated by ρ0 meson decay as a result of an enhanced contribution from pion-
pion annihilation in Pb+Au collisions than in S+Au and proton-nucleus collisions. With
in-medium meson masses, the ρ meson peak shifts to a lower mass, and the peak around
mρ,ω becomes a shoulder arising mainly from ω meson decay. At the same time we see an
enhancement of low-mass dileptons in the region of 0.25-0.6 GeV as in S+Au collisions.
Since the maximum baryon density reached in heavy-ion collisions decreases with the
impact parameter, we expect a decrease of medium effects on the dilepton spectrum at large
impact parameters. Experimentally, this effect can be studied by measuring the dependence
of the dilepton spectrum on the charged particle multiplicity. We have thus calculated
the dilepton spectrum from Pb+Au collisions at 160 GeV/nucleon for a number of impact
parameters. In Fig. 20, we show the impact parameter dependence of the initial average
baryon density ρ/ρ0, the final total negatively-charged particle multiplicity N
−
ch, and the
average charge particle pseudorapidity density at midrapidity dN−ch/dη. Apparently, both
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decrease with increasing impact parameter; the initial baryon density goes from about 4ρ0
at b=0 fm to 1.9ρ0 at 9 fm, and N
−
ch decreases from about 820 at b=0 fm to about 206 at
b=9 fm.
For both Dalitz decay and vector meson decay, the ratio of total number of dileptons
(without acceptance cut) to the total negatively-charged hadron multiplicity N−ch as a func-
tion of N−ch are shown in Fig. 21. It is seen that in both free and in-medium meson mass
cases, the dilepton yield from Dalitz decay increases linearly with the charge particle multi-
plicity, so the normalized yield is almost a constant. On the other hand, the dilepton yield
from vector meson decay increases more than linearly due to contributions from pion-pion
and kaon-antikaon annihilation. If we express Nee ∝ (N−ch)α, then our results show that
α ≈ 1.3 for the case of free meson masses and α ≈ 1.5 for the case of in-medium meson
masses. The stronger dependence on the charged particle multiplicity in the latter case is
due to the stronger medium effects in central collisions.
Finally, the calculated dilepton spectra from Pb+Au collisions at three different impact
parameters of b= 3, 6, and 9 fm are shown in Fig. 19(b), 19(c),and 19(d). The enhancement
of low-mass dileptons are seen to decrease with increasing impact parameter.
VII. SUMMARY AND OUTLOOK
In summary, we have studied in detail dilepton production from both proton-nucleus
and nucleus-nucleus collisions using the relativistic transport model with initial conditions
determined by the string fragmentation from the initial stage of the RQMD model.
We have found that the dilepton spectra in proton-nucleus reactions measured by the
CERES and the HELIOS-3 collaboration can be well understood in terms of conventional
mechanisms of Dalitz decay and direct vector meson decay.
For dilepton spectra in central S+Au and S+W collisions, these conventional mecha-
nisms, however, fail to explain the data, especially in the low-mass region from about 0.25
to about 0.6 GeV in CERES experiments, and from 0.35 to 0.65 GeV in HELIOS-3 ex-
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periments. Including the contribution from pion-pion annihilation, which is known to be
important in the mass region from 2mpi to mρ,ω, removes some of the discrepancy. But the
data in the low mass region are still substantially underestimated, and that around mρ,ω
somewhat overestimated by theoretical calculations. The agreement with the data is sig-
nificantly improved when reduced in-medium vector meson masses are taken into account.
The results of the present study based on initial conditions from the RQMD model is thus
very similar to our earlier results assuming that initially there is a thermally equilibrated
fire-cylinder.
We have also presented predictions for the dilepton spectra from central Pb+Au col-
lisions. With an increased pion density in Pb+Au than in Sulfur-induced collisions, the
dilepton yield from Dalitz decay and ω decay increases roughly linearly with the charged-
particle multiplicity, whereas the contribution from pion-pion annihilation increases more
than linearly. This leads to some differences between the dilepton spectra from Pb+Au
and Sulfur-induced collisions. We have also studied the impact parameter dependence of
dilepton production in Pb+Au collisions, and found that the enhancement of low-mass dilep-
ton decreases with increasing impact parameter. It would be very interesting to carry out
experiments in which different centrality bins are selected so that this impact parameter
dependence can be tested.
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FIGURES
FIG. 1. Dilepton invariant mass spectra from p+Be collisions at 450 GeV after including the
experimental acceptance cuts and mass resolution. Dashed curves give the dilepton spectra from
different sources. Experimental data from the CERES collaboration [34] are shown by solid circles,
with the statistical errors given by bars. Brackets represent the square root of the quadratic sum
of systematic and statistical errors.
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FIG. 2. Same as Fig. 1 for p+Au collisions.
26
FIG. 3. Dilepton invariant mass spectra from p+W collisions at 200 GeV after including the
experimental acceptance cuts and mass resolution. Dashed curves give the dilepton spectra from
different sources. Experimental data from the HELIOS-3 collaboration [35] are shown by solid
circles.
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FIG. 4. The initial proton and pion rapidity and transverse mass distributions from both the
RQMD and the fire-cylinder model of [36] for S+Au collisions at 200 GeV/nucleon. Also shown is
the time evolution of the baryon density using the two initial conditions.
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FIG. 5. The time evolution of hadron abundance in central S+Au collisions at 200 GeV/nucleon.
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FIG. 6. The rapidity distributions of negatively-charged hadrons and protons. Experimental
data from the NA35 collaboration [61] are shown by solid circles, and that from NA44 [62] are
shown by open circle.
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FIG. 7. The transverse mass spectra of protons and pions in the mid- to forward-rapidity
region. Experimental data from central S+Pb collisions by the NA44 collaboration [62] are shown
by solid circles.
31
FIG. 8. The η/pi0 ratio as a function of transverse momentum. Open circles and squares are
theoretical results with free and in-medium meson masses, respectively. Solid circles and squares
are the WA80 data for minimum-biased and central collisions, respectively.
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FIG. 9. Dilepton invariant mass spectra from S+Au collisions at 200 GeV using free meson
masses and after including the experimental acceptance cuts and mass resolution. Dashed curves
give the dilepton spectra from different sources. Experimental data from the CERES collaboration
[34] are shown by solid circles, with the statistical errors given by bars. Brackets represent the
square root of the quadratic sum of systematic and statistical errors.
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FIG. 10. The importance of pion-pion annihilation contribution to dilepton spectra.
34
FIG. 11. Comparisons of dilepton spectra in central S+Au collisions from three different model
calculations. The solid curve is from this work, the dashed curve is from Ref. [37], and the dotted
curve is from Ref. [39].
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FIG. 12. Dilepton invariant mass spectra from central S+Au collisions with free (dashed curve)
and in-medium (solid curve) meson masses.
36
FIG. 13. Dilepton invariant mass spectra from S+W collisions at 200 GeV using free meson
masses and after the including experimental acceptance cuts and mass resolution. Dashed curves
give the contributions from different sources. Experimental data from the HELIOS-3 collaboration
[35] are shown by solid circles.
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FIG. 14. Dilepton invariant mass spectra from S+W collisions at 200 GeV with free (dashed
curve) and in-medium (solid curve) meson masses.
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FIG. 15. The initial proton and pion rapidity and transverse mass distributions in central
Pb+Au collisions at 160 GeV/nucleon. Also shown is the time evolution of the baryon density.
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FIG. 16. The time evolution of hadron abundance in central Pb+Au collisions at 160
GeV/nucleon.
40
FIG. 17. The rapidity distributions of negatively-charged hadrons and protons in central
Pb+Au collisions at 160 GeV/nucleon. Experimental data from the NA49 collaboration [61] are
shown by circles.
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FIG. 18. The transverse mass spectra of protons and pions in the mid- to forward-rapidity
region from central Pb+Au collisions at 160 GeV/nucleon. Experimental data from the NA44
collaboration [62] are shown by solid circles.
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FIG. 19. Dilepton spectra from Pb+Au collisions with free (dashed curves) and in-medium
(solid curves) meson masses for the impact parameters (a) 0, (b) 3, (c) 6, and (d) 9 fm. The
CERES mass resolution and acceptance cuts for the S+Au collisions are included.
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FIG. 20. Impact parameter dependence of the initial average baryon density, the final nega-
tively-charged particle multiplicity, and the charge particle pseudorapidity density at midrapidity
for Pb+Au collisions at 160 GeV/nucleon.
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FIG. 21. The normalized total dilepton yield as a function of the total negatively-charged
hadron multiplicity in Pb+Au collisions at 160 GeV/nucleon.
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